The wheat gene Lr34 confers partial resistance to all races of Puccinia triticina, the causal agent of wheat leaf rust. However, the biological basis for the exceptional durability of Lr34 is unclear. We used the Affymetrix GeneChip Wheat Genome Array to compare transcriptional changes of near-isogenic lines of Thatcher wheat in a compatible interaction, an incompatible interaction conferred by the resistance gene Lr1, and the race-nonspecific response conditioned by Lr34 3 and 7 days postinoculation (dpi) with P. triticina. No differentially expressed genes were detected in Lr1 plants at either timepoint whereas, in the compatible Thatcher interaction, differentially expressed genes were detected only at 7 dpi. In contrast, differentially expressed genes were identified at both timepoints in P. triticina-inoculated Lr34 plants. At 3 dpi, upregulated genes associated with Lr34-mediated resistance encoded various defense and stress-related proteins, secondary metabolism enzymes, and transcriptional regulation and cellular-signaling proteins. Further, coordinated upregulation of key genes in several metabolic pathways that can contribute to increased carbon flux through the tricarboxylic cycle was detected. This indicates that Lr34-mediated resistance imposes a high energetic demand that leads to the induction of multiple metabolic responses to support cellular energy requirements. These metabolic responses were not sustained through 7 dpi, and may explain why Lr34 fails to inhibit the pathogen fully but does increase the latent period.
The wheat gene Lr34 confers partial resistance to all races of Puccinia triticina, the causal agent of wheat leaf rust. However, the biological basis for the exceptional durability of Lr34 is unclear. We used the Affymetrix GeneChip Wheat Genome Array to compare transcriptional changes of near-isogenic lines of Thatcher wheat in a compatible interaction, an incompatible interaction conferred by the resistance gene Lr1, and the race-nonspecific response conditioned by Lr34 3 and 7 days postinoculation (dpi) with P. triticina. No differentially expressed genes were detected in Lr1 plants at either timepoint whereas, in the compatible Thatcher interaction, differentially expressed genes were detected only at 7 dpi. In contrast, differentially expressed genes were identified at both timepoints in P. triticina-inoculated Lr34 plants. At 3 dpi, upregulated genes associated with Lr34-mediated resistance encoded various defense and stress-related proteins, secondary metabolism enzymes, and transcriptional regulation and cellular-signaling proteins. Further, coordinated upregulation of key genes in several metabolic pathways that can contribute to increased carbon flux through the tricarboxylic cycle was detected. This indicates that Lr34-mediated resistance imposes a high energetic demand that leads to the induction of multiple metabolic responses to support cellular energy requirements. These metabolic responses were not sustained through 7 dpi, and may explain why Lr34 fails to inhibit the pathogen fully but does increase the latent period.
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The biotrophic fungus Puccinia triticina Erikss. is the causal agent of leaf rust of wheat (Triticum aestivum L.) (Bolton et al. 2008) . Leaf rust occurs nearly wherever wheat is grown, resulting in yield losses and reduced grain quality. High levels of pathogenic variation and adaptability to diverse climatic conditions are hallmarks of P. triticina and contribute to its persistence as a major pathogen of wheat (Kolmer 2005; Ordoñez and Kolmer 2007; Webb and Fellers 2006) . Host resistance is the preferred method to reduce losses from leaf rust, and more than 50 leaf rust resistance (Lr) genes have been identified in wheat (Integrated Wheat Science database). Most Lr genes confer race-specific resistance in a gene-for-gene manner. Such Lr genes condition an incompatible interaction when they interact with P. triticina avirulence (Avr) gene products. This incompatible interaction is characterized by a hypersensitive cell death response (HR) and the induction of defenserelated genes that halt pathogen growth. The race-specific leaf rust resistance genes Lr1, Lr10, and Lr21 have been cloned, and exhibit classical features of plant disease resistance (R) genes, including nucleotide-binding site (NBS) and leucinerich repeat (LRR) coding regions (Cloutier et al. 2007; Feuillet et al. 2003; Huang et al. 2003) .
Many race-specific Lr genes are no longer useful because they have been overcome by virulent races of the pathogen. Thus, wheat breeders are beginning to focus more on the use of race-nonspecific resistance genes. Race-nonspecific resistance to leaf rust is characterized by a partial resistance phenotype expressed in adult plants (Kolmer 2005; McIntosh et al. 1995) . Combined with race-specific Lr genes, race-nonspecific resistance genes can condition long-lasting, effective leaf rust resistance (Kolmer and Oelke 2006; Oelke and Kolmer 2005) .
The most important race-nonspecific resistance leaf rust resistance gene in wheat is Lr34 (Dyck 1987; Dyck et al. 1966 ). This gene is found in wheat grown around the world and has provided durable resistance for several decades (Dyck 1991 (Dyck , 1994 . Lr34 is associated with a reduced rate of haustorium formation in early stages of infection and reduced intercellular hyphal growth (Rubiales and Niks 1995) . The resistance phenotype of Lr34 is characterized by an increased latent period, reduced infection frequency, smaller uredinia, and a decreasing gradient of uredinia from leaf base to tip (Drijepondt and Pretorius 1989; Rubiales and Niks 1995; Singh and Huerta-Espino 2003) . Resistance is also more pronounced at temperatures below 25°C (Singh and Gupta 1992) . Lr34 is associated with the gene Ltn that confers leaf tip necrosis that progresses from the leaf tip toward the base in flag leaves over time (Singh 1992a) . In addition to improved leaf rust resistance, lines containing Lr34 also exhibit enhanced resistance to both stripe rust and stem rust, possess adult plant resistance to powdery mildew caused by Blumeria graminis f. sp. tritici, and show improved tolerance to Barley yellow dwarf virus (Kolmer 1996; Singh 1992b; Singh 1993; Spielmeyer et al. 2005) . Therefore, Lr34 is useful for improving resistance to multiple diseases and is a model gene for understanding the biological basis of race-nonspecific resistance.
Although Lr34 has been used extensively in wheat improvement, little is known about the molecular basis of Lr34-mediated resistance. Because Lr34 slows but does not stop pathogen growth, its resistance phenotype is reminiscent of plant basal resistance arising from recognition of general elicitor or pathogen-associated molecular patterns (PAMPs) such as bacterial flagellin or cell wall constituents (Ausubel 2005; Nürnberger et al. 2004 ). PAMP recognition is achieved through transmembrane pattern recognition receptors which induce mitogen-activated protein (MAP) kinase signaling cascades and a suite of basal defense responses sufficient to stop or slow growth of both nonpathogenic and pathogenic microbes (Dangl 2007; Jones and Dangl 2006) . However, pathogenic microbes can secrete effector molecules to suppress this basal defense response, leading to their establishment (Abramovitch and Martin 2004; Caldo et al. 2006; Kim et al. 2005) . In Lr34-mediated defense against P. triticina, it is not clear whether the eventual growth of the pathogen is due to successful pathogen suppression of host basal defense targets or if there is a gradual attenuation of the defense response in Lr34-mediated resistance.
The regulation of gene expression, including both temporal aspects and magnitude of gene expression changes, is one factor that determines susceptibility or resistance in the host plant (Caldo et al. 2004 (Caldo et al. , 2006 Kong et al. 2005; Kruger et al. 2003) . To test the hypothesis that the molecular basis of Lr34-mediated resistance differs from HR-mediated resistance, we employed Lr near-isogenic lines of the spring wheat cv. Thatcher in combination with Affymetrix GeneChip Wheat Genome Arrays to compare transcriptional changes associated with i) a compatible interaction between wheat and P. triticina, ii) leaf rust resistance encoded by a race-specific resistance gene, and iii) race-nonspecific resistance provided by Lr34, at two timepoints representing distinct stages of P. triticina infection. Our results indicate that the resistance response conditioned by Lr34 is different than that associated with Lr1. The Lr34 resistance response is active, based upon increased expression of a variety of defense-related genes. Further, this response has an extremely high energetic demand, as inferred from transient induction of genes in multiple metabolic pathways, including the tricarboxylic acid (TCA) cycle, glycolysis, the pyruvate dehydrogenase (PDH) bypass, β-oxidation, the GABA shunt, and CoA biosynthesis. Upregulation of these pathways provides a means for cells to maintain carbon flux through primary metabolism when normal levels of respiration are inadequate to maintain cellular energy demand.
RESULTS

Quantification of P. triticina biomass in infected wheat leaves.
Race 1 (BBB) of P. triticina was used to compare pathogen development in i) a compatible leaf rust interaction using the wheat cv. Thatcher (Tc); ii) an R-gene-mediated, race-specific incompatible interaction using a Thatcher near-isoline with Lr1 (TcLr1); and iii) a race-nonspecific interaction using a Thatcher near-isoline with Lr34 (TcLr34). Inoculated flag leaves were harvested at 3, 7, and 14 days postinoculation (dpi) for experiments. In the compatible interaction between P. triticina and Tc, the fungus penetrated through stomata and formed haustoria to obtain nutrients from the susceptible host. At 7 dpi, the first uredinia were detected and, by 14 dpi, significant numbers of large uredinia were evident (Fig. 1A) . In the incompatible interaction conditioned by Lr1, no disease symptoms were evident save for a few uredinia per inoculated leaf (Fig. 1A) . These uredinia are representative of a very minor frequency of non-race 1 spores present in the spore suspension used for inoculation that are not recognized by Lr1 and, therefore, can proliferate in TcLr1. In contrast to the compatible interaction, the partial resistance associated with Lr34 is characterized by a latent period which, in this study, delayed Fig. 1 . Disease development of Puccinia triticina race 1 on wheat nearisolines. A, Typical symptoms on the susceptible wheat cv. Thatcher (Tc), on a Tc near-isoline with the R-gene Lr1 (TcLr1), and on a Tc near-isoline with Lr34 (TcLr34) 14 days after inoculation (dpi). Leaf images display 4.5 cm of length starting 1 cm from the leaf base (at bottom). B, Quantitative real-time reverse-transcription polymerase chain reaction determination of fungal load of P. triticina on inoculated Tc, TcLr1, and TcLr34 at 3, 7, and 14 dpi, determined by relative quantification (RQ) of P. triticina 18S rRNA gene abundance to wheat 18S rRNA gene abundance. Bars represent standard errors of three technical replicates. uredinia formation until 14 dpi. At this timepoint, small numbers of pustules began appearing on TcLr34 plants but were confined to the basal regions of the leaves. (Fig. 1A) .
Quantitative real-time reverse-transcription polymerase chain reaction (qPCR) with separate primer pairs for either wheat or fungal 18S rRNA genes was employed to estimate fungal biomass relative to plant biomass at the three timepoints. PCR primers are listed in Supplementary Table 1. In the compatible Tc interaction, fungal biomass increased steadily as the disease progressed, whereas little fungal biomass accumulation was found in TcLr1 (Fig. 1B) . In TcLr34, biomass slowly increased over time (Fig. 1B) , consistent with the expected increased latent period associated with Lr34.
Wheat gene expression changes during P. triticina infection.
The Affymetrix GeneChip Wheat Genome Array was used to identify wheat genes differentially expressed in Tc, TcLr1, and TcLr34 in response to challenge by P. triticina race 1. Transcriptome interrogation was conducted on leaves harvested at 3 and 7 dpi. The first timepoint was selected to characterize a point in infection at which differences between the genotypes Tc and TcLr1 were expected to be found, thus providing a gene expression footprint representative of the HR at this timepoint. The timepoint of 7 dpi was chosen because it was the day at which uredinia first appeared on inoculated Tc leaves.
Leaf tip necrosis is a phenotype that is coincident with Lr34, affects a significant portion of the flag leaf, and progresses over time (Spielmeyer et al. 2005) . We assumed that leaf tip necrosis would generate gene expression differences that would be difficult to differentiate from those differences associated with the response to P. triticina in which we were interested. Indeed, an initial Student's t test comparison between mock-inoculated TcLr34 and mock-inoculated Tc at 3 and 7 dpi (P value ≤ 0.001, fold-regulation cut-off of ≥ 2.0) identified 65 and 160 differentially expressed probe sets at 3 and 7 dpi, respectively (data not shown). Because we sought to identify gene expression differences solely associated with the response to P. triticina infection and because some treatmenttimepoint-genotype comparisons (e.g., Tc mock inoculated at 3 dpi versus Tc mock inoculated at 7 dpi) were not germane to our study, we employed univariate analysis (t tests, P value ≤ 0.001, fold-regulation difference ≥ 2.0) between mock-and P. triticina-inoculated plants for each genotype at each timepoint, resulting in six pairwise gene expression comparisons with GeneChip data. Tissue was sampled at the same time of each of the 2 days; therefore, gene expression changes associated with diurnal rhythms were avoided.
Differential gene expression 3 dpi. We identified 151 genes that were differentially expressed between mock and pathogen treatments at 3 dpi in TcLr34 (Table 1) . Genes identified by initial t tests were associated with a false discovery rate (FDR) of approximately 8% and contained 129 upregulated and 5 downregulated genes. An additional 17 genes were called present in P. triticina-inoculated TcLr34 and absent in the comparable mock-inoculated controls, with an associated FDR of 18% (Table 2 ). Using the same statistical criteria, we identified no differentially expressed genes in either Tc or TcLr1 inoculated with P. triticina at 3 dpi compared with their respective mock-inoculated controls.
Differential expression 7 dpi. In all, 132 genes exhibited differential expression between mock-and pathogen-treated TcLr34 at 7 dpi (Supplementary Table 2 ). This set of genes was associated with an FDR of approximately 7%, and contained 123 genes upregulated in TcLr34 and 2 that were downregulated, with the present/absent search function identifying an additional 7 genes present in the P. triticina-inoculated TcLr34 plants with an FDR of approximately 14% ( Table 2) . As for the 3 dpi timepoint, we identified no differentially expressed genes in TcLr1. In contrast to the 3 dpi results, we identified 166 differentially expressed genes in the compatible Tc-P. triticina interaction (Supplementary Table 3 , FDR 4%), with the present/absent search function identifying 15 genes called present in pathogen-inoculated Tc and absent in the relevant mocks, with an FDR of 8% (Table 2 ). In total, just 26 differentially expressed genes overlapped in two or more of the experiments (Fig. 2) .
Comparison of real-time PCR versus
GeneChip-based quantitative gene expression differences.
qPCR was used to compare quantitative gene expression differences obtained from GeneChips to those from an alternative quantitation method. Fifteen genes were chosen for validation purposes. Of the 15 genes, 7 were used at both timepoints. These genes represent a wide range of P value and fold-regulation differences in the microarray analysis and represent genes with diverse functions. Total RNA pooled across the same biological replicates used for microarray analysis was used for qPCR analysis. Quantification of gene expression was performed using the comparative cycle threshold (C T ) method (ΔΔC T ). The qPCR results were highly concordant with microarray results, with an R 2 value of 0.96 and a slope of 0.983. (Fig. 3) .
Classification of pathogen-responsive wheat genes.
Putative functions were assigned to 372 of the 450 differentially expressed genes identified in experiments based on best BlastX hits (e value threshold ≤ 10 -10 ) provided by HarvEST. Gene ontology (GO) terms for biological and molecular function (Ashburner et al. 2000) were obtained by querying the UniProt Protein Knowledgebase with protein IDs from Harv-EST. Genes were then assigned to generic functional classes (metabolism/structure/maintenance, defense/stress, signaling, transcription, transport, or unclassified). When e values were greater than the BlastX threshold, genes were listed as "no annotation available."
Pathogen-responsive genes in Tc. Gene expression differences were detected in Tc only at 7 dpi. Approximately onethird of these 166 genes were downregulated in the pathogen treatment. Differentially expressed genes relating to cell metabolism had diverse functions in over 20 biological processes. Certain genes encoding proteins involved in amino acid synthesis and metabolism were differentially expressed. For example, the gene encoding acetolactate synthase, the first committed enzymatic step in the biosynthetic pathway leading to leucine, isoleucine, and valine synthesis (Singh and Shaner 1995) , was highly (71-fold) upregulated. In contrast, a gene encoding shikimate kinase, an enzyme of the shikimate pathway leading to aromatic amino acid production (Herrmann and Weaver 1999) , was downregulated twofold. The gene encoding nicotianamine (NA) aminotransferase, which converts NA to mugineic acid, a nonprotein amino acid phytometallophore induced during Fe deficiency (Shojima et al. 1990 ), was upregulated 5.9-fold.
Several genes upregulated at 7 dpi in the compatible Tc-P. triticina interaction encoded steps of the glyoxylate cycle, a five-reaction pathway which mediates the conversion of acetylCoA to oxaloacetate (Tolbert 1981) . Genes encoding glyoxysomal citrate synthase (upregulated 2.4-fold) and isocitrate lyase (upregulated 77-fold) were differentially expressed. In addition, the gene encoding alanine:glyoxylate aminotransferase 2 was upregulated (4.8-fold). This enzyme catalyzes the reversible conversion of alanine and glyoxylate to glycine and Storey and Tibshirani (2003) . d Based on fold-regulation cut-off of ≥2.0. e Cellular metabolism, structure, and maintenance. pyruvate, the latter of which is the primary substrate for the TCA cycle.
Few genes typically considered to play a role in defense and stress were differentially expressed in 7 dpi Tc. Among those that were detected were genes encoding stress-related proteins such as a cold-acclimation protein; an early-drought-induced protein; a sugar-starvation-induced protein; a low-temperature and salt-responsive protein; and WSI76, which is responsive to water stress. Other differentially expressed defense-related genes include those encoding β-1,3-glucanase, thaumatin-like protein, and flavanone 3-hydroxylase. Several genes encoding kinases were also differentially expressed, including calciumand calmodulin-dependent kinases and serine/threonine kinases. Genes involved in transcriptional regulation encoded various classes of transcription factors such as basic helix-loop-helix, MADS box, Myb, and WRKY, with both up-and downregu- . Genes selected for qPCR exhibited both a wide range of Pvalue and fold-regulation differences in the microarray analysis and also have diverse functions in the plant. Quantification of gene expression was performed using the comparative cycle threshold (C T ) method (ΔΔC T ). For purposes of figure display, gene expression quantification data for chalcone synthase is not included, but results were highly concordant (microarray expression difference = 63.66, qPCR expression difference = 62.81).
Fig. 2.
Overlap of probe sets detecting differentially expressed genes (P value ≤ 0.001, fold change ≥ 2.0) after inoculation with Puccinia triticina race 1 in the susceptible wheat cv. Thatcher (Tc) at 7 days postinoculation (dpi), and in the Tc near-isoline with Lr34 (TcLr34) at both 3 and 7 dpi. lation detected depending on the specific gene. A set of genes encoding proteins involved with transport such as major facilitator superfamily antiporters and several carbohydrate and amino acid transporters were also differentially expressed.
Pathogen-responsive genes in TcLr1. As noted previously, no genes were identified in TcLr1 that met our statistical or fold-change thresholds for differential expression at either 3 or 7 dpi. Storey and Tibshirani (2003) . c Based on fold-regulation cut-off of ≥1.5. d TCA = tricarboxylic acid. Fig. 4 . Genes of glycolysis, pyruvate metabolism including the PDH-bypass, β-oxidation, CoA biosynthesis, the GABA shunt, and the tricarboxylic acid (TCA) cycle that were upregulated in P. triticina-inoculated versus mock-inoculated TcLr34 at 3 days postinoculation. Red arrows highlight metabolic steps for which the relevant coding genes are upregulated in TcLr34 in response to P. triticina. Stars indicate enzymatic steps that are considered rate-limiting in their respective pathway.
Pathogen-responsive genes in TcLr34. At 3 dpi in TcLr34, 146 genes were significantly upregulated and only 5 genes were downregulated in P. triticina-infected plants. Many of the upregulated genes identified in pathogen-treated TcLr34 are involved with defense and stress responses. These include genes encoding various pathogenesis-related (PR) proteins (β-1,3-glucanase, chitinases, PR-1, and PR-4), peroxidase, antifungal zeamatin-like protein, cytochrome P450, and WIR1, which are all associated with pathogen defense (Table 1) . Several other genes previously reported to be induced upon infection or wounding in other pathosystems were also induced in TcLr34, including those encoding lipoxygenase, acetone-cyanohydrin lyase, copine, and both thaumatin-like and woundinduced proteins (Table 1) .
A gene for glutathione S-transferase, which has antioxidant properties, was upregulated in response to P. triticina, as were three genes encoding heat shock proteins, often induced in stress conditions. Several phenylpropanoid pathway genes were upregulated at the 3 dpi timepoint, including those for caffeic acid O-methyltransferase involved in lignin biosynthesis, and both chalcone synthase and flavanone 3-hydroxylase that participate in flavonoid biosynthesis (Table 1) . Interestingly, defense-related genes germin-like 1 (oxalate oxidase) and omega-3 fatty acid desaturase were downregulated in TcLr34 at 3 dpi (Table 1) , contrary to other studies (Hurkman and Tanaka 1996; Martín et al. 1999) .
A set of genes involved in cell signaling and transcriptional activation, such as those encoding bZIP, AP2, and WRKY transcription factors and several classes of serine/threonine and MAP kinases were also induced in TcLr34 at 3 dpi. Certain genes involved in transport functions, such as ABC transporters, were also upregulated (Table 1) .
Finally, a significant portion of genes differentially expressed in P. triticina-infected TcLr34 at 3 dpi encoded proteins that function in primary energy metabolism pathways. These include enzymes located at different points in the interrelated metabolic pathways glycolysis, the TCA cycle, the pyruvate dehydrogenase bypass, β-oxidation, the GABA shunt, and CoA biosynthesis. In light of these results, we undertook a manual pathway analysis by requerying our data set at a moderately lower stringency (P value ≤ 0.005, fold-regulation ≥ 1.5) specifically to determine whether upregulation of other genes in these pathways or others associated with them could be detected (van Baarlen et al. 2007 ). This targeted metabolic pathway-based analysis identified differences in expression for several additional genes in these and additional interrelated pathways (Table 3 ; Fig. 4) .
At 7 dpi in TcLr34, 130 genes were upregulated and 2 genes were downregulated in pathogen-inoculated plants. This gene set showed little overlap with differentially expressed genes identified at 3 dpi in TcLr34 or with differentially expressed genes identified at 7 dpi in Tc (Fig. 2) . At 7 dpi, inoculation with P. triticina led to increased transcript levels of genes generally associated with the response to abiotic stresses in TcLr34. For example, a gene for 2-alkenal reductase was induced at 7 dpi; this gene has high sequence similarity to Arabidopsis thaliana gene At5g16970 that plays a role in plant antioxidant defense and possibly NAD(P)/NAD(P)H homeostasis (Mano et al. 2005; Noctor et al. 2006) . Several genes that may have antioxidant properties were upregulated, including cytochrome P-450, peroxidase, and glutathione S-transferase genes. Several PR proteins were also upregulated, including β-1,3-glucanase, chitinase classes 1-3, PR-1, and PR-4. Multiple phenylpropanoid metabolism-related genes were upregulated, including those for caffeic acid O-methyltransferase, cinnamylalcohol dehydrogenase, anthocyanidin synthase, chalcone synthase, flavonoid 7-O-methyltransferase, and agmatine coumaroyltransferase. Other genes upregulated and involved with plant defense encode antifungal zeamatin-like protein and WIR1.
Genes encoding enzymes involved in cell metabolism that were upregulated had diverse functions. A gene encoding cycloartenol synthase, a precursor for sterol production, was the most highly upregulated (6.1-fold) gene in pathogen-inoculated versus mock-inoculated TcLr34 plants at 7 dpi. The only instance where transcript for a cell-metabolism-associated gene was less abundant in the pathogen-inoculated plants (fold difference of 2.0) was for carbonic anhydrase, an enzyme that catalyzes the reversible conversion of CO 2 to HCO 3 involved in carbon assimilation and associated with photosynthesis (Li et al. 2004) . Several genes encoding proteins involved in signal transduction (MAPKKK, serine/threonine protein kinase) and transcription (Myb2, WRKY) were upregulated, as were some genes involved in transport functions such as ABC, MATE efflux, and pleiotropic drug transporters.
DISCUSSION
Many studies have focused on wheat defense responses to a variety of pathogens (e.g., Hill-Ambroz et al. 2006; Kang and Buchenauer 2000; Kong et al. 2005; Pritsch et al. 2001) , including P. triticina (Danna et al. 2002; Rampitsch et al. 2006; Thara et al. 2003; Zhang et al. 2003) . In general, these studies have detected the upregulation of defense-related genes in both susceptible and resistant genotypes, with a tendency toward greater and more rapid expression of these genes in incompatible (resistant) interactions. However, these studies looked at small numbers of genes and none examined race-nonspecific leaf rust resistance. A recent study by Hulbert and associates (2007) did analyze transcriptional changes associated with Lr34-mediated resistance in Jupateco and Thatcher wheat backgrounds at a single timepoint (62 h postinoculation). Using a P value threshold of ≤0.05 coupled to a fold-change threshold of 5.0, their analysis identified 59 genes upregulated in response to P. triticina inoculation, including typical PR proteins, cytochrome P450s, and genes involved in phenylpropanoid metabolism (Hulbert et al. 2007 ). For their study, necrotic and chlorotic portions of leaf tips were removed and the remaining leaf was sectioned and used for gene expression comparisons between apical and basal halves of the leaf (Hulbert et al. 2007) . Therefore, it is difficult to compare their results with ours in detail. However, it is worth noting that only 21 probe sets detecting differential expression in response to P. triticina were found in common between the studies. To our knowledge, our study is the first to compare transcriptional changes associated with HR and race-nonspecific leaf rust resistance in wheat across different timepoints.
In our study, we compared changes that occur in the wheat transcriptome in a compatible leaf rust interaction, an R-genemediated incompatible interaction conferred by Lr1, and racenonspecific resistance mediated by Lr34. In the compatible interaction, we found no differentially expressed genes at 3 dpi but over 160 at 7 dpi. This is in general concurrence with other studies showing that response to pathogens in the compatible interaction lags behind the incompatible interaction, likely because plant cells do not recognize the pathogen until the disease has progressed considerably, or due to pathogen suppression of plant defense mechanisms (Jones and Dangl 2006) .
Somewhat surprisingly, using our statistical and fold-change thresholds, we did not identify any differentially expressed genes in the R-gene-mediated response associated with Lr1 at either 3 or 7 dpi. There are several possible explanations for this result. The HR is a highly efficient process confined to few cells in proximity to points of infection. Genes that were differentially expressed in response to the pathogen might simply have not been detectable due to mass RNA dilution from the majority of cells not undergoing the HR. Indeed, a recent study has recognized this issue and sought to circumvent it by microextracting cell-specific mRNA from infected or resistant cells for transcript analysis (Gjetting et al. 2007 ). Alternatively, the absence of differentially expressed transcripts associated with Lr1 resistance may reflect a very rapid HR after inoculation leading to an abrupt halt to the P. triticina infection process, followed by a return to basal levels of gene expression by 3 dpi.
Our results clearly indicate that Lr34 conditions an active defense response as indicated by the upregulation of many genes involved in defense and stress early in the resistance reaction (Table 1) . Although Lr34 does not condition a HR, the resistance response of Lr34 at 3 dpi shares several genes in common with those typically induced in R-gene-mediated resistance. Genes encoding PR proteins are often triggered during the early response to pathogen attack and are considered as a signature of the HR. In our study, several classes of defenserelated genes were induced, including those encoding various PR proteins and phenylpropanoid enzymes, which were also found in wheat cells undergoing HR cell death (Michel et al. 2006) as well as the HR in other pathosystems (Foster-Hartnett et al. 2007; Rinaldi et al. 2007; Samac and Graham 2007) . Taken together, the response conditioned by Lr34 is reminiscent of some components of HR-type resistance but without the accompanying localized cell death. In addition, based on differences in gene expression in TcLr34 relative to Tc at both 3 and 7 dpi, the resistance response associated with Lr34 appears to occur over a relatively long period of time compared with typical HR-mediated resistance, which can occur within hours of pathogen application in some pathosystems (Caldo et al. 2006) .
Interestingly, few genes differentially expressed at 3 dpi in TcLr34 were also found at 7 dpi in TcLr34 (Fig. 2) . This implies that, at 7 dpi, the response conditioned by Lr34 becomes distinct from the response at 3 dpi. Further, because only one differentially expressed gene was identified in common between 7-dpi Tc and 7-dpi TcLr34 (Fig. 2) , the 7-dpi TcLr34 resistance response remains distinct from a susceptible response. The approximately 1-week delay in pustule formation in TcLr34 compared with Tc further supports this contention (Fig. 1). Multiple energy-producing responses support Lr34-mediated resistance.
There has been sustained interest in defense-related gene products as they relate to plant disease resistance. Much less attention has been paid to the role of metabolic pathways needed to provide energy to mount active defense responses, which represent a major reprogramming of cell metabolism. In this study, the top 10% upregulated genes in Lr34 at 3 and 7 dpi are classified as defense-related. At 3 dpi, these genes had fold-regulation differences ranging from approximately 10-fold to over 60-fold. In contrast, upregulation ranged from 5-fold to just under 11-fold at 7 dpi. This high level of induced gene expression at 3 dpi imposes an additional energetic demand on the plant, particularly in the absence of an HR.
Taken together, the observed upregulation of genes coding for rate-limiting enzymes of the TCA cycle, in tandem with those encoding enzymes at regulatory points in glycolysis, the enzyme PDH, the PDH bypass, β-oxidation, CoA biosynthesis, as well as the GABA shunt suggest that Lr34-mediated resistance is an extremely energy-intensive process (Table 3) . This resistance places an increased energy demand on cells that is met both by upregulating glycolysis and the TCA and by recruiting alternative metabolic pathways to support ATP, NADH, and FADH 2 levels needed to maintain the Lr34-mediated resistance response.
The TCA cycle is a central metabolic pathway for aerobic processes and is responsible for a major portion of carbohydrate, fatty acid, and amino acid oxidation that produces energy and reduces power, ultimately yielding 15 ATP equivalents per pyruvate molecule (Fernie et al. 2004) . We identified differential expression of genes encoding enzymes at two of the three flux control points in the TCA cycle. Transcripts encoding citrate synthase (CS) and α-ketoglutarate dehydrogenase (α-KGDH) were more abundant in pathogen-inoculated TcLr34 plants at 3 dpi (Table 3) . Both of these enzymes are considered rate-limiting and control the flux through this primary cycle under normal conditions (Strumilo 2005; Wiegand and Remington 1986) , and our results suggest a demand for heightened carbon flux through the TCA to produce more energy and a concomitant change in gene expression to accommodate the demand.
Genes encoding enzymes of glycolysis were upregulated in TcLr34 at 3 dpi (Table 3 ). The enzyme PFK is the main regulator of glycolysis, catalyzing the irreversible conversion of fructose 6-phosphate to fructose 1,6-bisphosphate, consuming one mole of ATP in the process. Likewise, PPi-PFK catalyzes the same process but in an ATP-independent manner (Mertens et al. 1990 ). The specific induction of both PFK and PPi-PFK suggests that the Lr34 response to P. triticina leads to increased levels of these two key enzymes to increase flux through glycolysis to generate more pyruvate. This pyruvate has several fates (Plaxton 1996) . In aerobic respiration, oxidative metabolism by PDH converts pyruvate to acetyl-CoA that then enters the TCA cycle. Pyruvate can also be interconverted by LDH to lactate and NAD + (Fig. 4) . Whereas lactate production is often considered to be associated with anaerobic metabolism, Ldh transcripts or LDH activity has often been found in oxygenated plant tissues (Germain et al. 1997; O'Carra and Mulcahy 1996; Shi et al. 2008) . The NAD + produced by LDH can support glycolysis, which may explain the upregulation of Ldh observed in this study. Finally, pyruvate can be converted into acetaldehyde and CO 2 by the enzyme PDC. Tadege and associates (1999) proposed the "PDH bypass," whereby acetaldehyde produced by PDC is oxidized to acetate and then converted to acetyl-CoA by the enzymes ALDH and ACS, respectively, with the resulting acetyl-CoA entering the TCA cycle (Fig. 4) . Upregulation of genes for the PDH bypass in our study supports a role for the PDH bypass as an energy-producing component of Lr34-mediated resistance. Indeed, the PDH bypass was recently described as critical for bolstering the high energy requirement of growing pollen tubes (Gass et al. 2005) .
CoA is a precursor for the synthesis of acetyl-CoA (together with pyruvate) that enters the TCA cycle (Fig. 4) . For each acetyl-CoA that enters the TCA cycle, one GTP, one FADH 2 , and three NADH are produced, with the FADH 2 and NADH subsequently reoxidized through oxidative phosphorylation to form ATP. The specific upregulation of genes encoding CoA-A, the first and rate-limiting enzymatic step in the CoA synthesis pathway, and CoA-D (Rubio et al. 2006) , together with upregulation of genes encoding enzymes at various other flux control points in primary metabolic pathways, indicates a need for additional CoA to support increased energy production in the early stages of Lr34-mediated resistance (Table 3) , concordant with observed upregulation of genes in the TCA and glycolysis.
CoA is also a cofactor in the β-oxidation cycle, which mediates degradation of fatty acids to produce acetyl-CoA that can enter the TCA (Lynen 1955) . The upregulation of three of the four genes in the β-oxidation pathway is significant because the cycle is highly exergonic, generating one NADH, one FADH 2 , and one acetyl-CoA for each round of the cycle (Lynen 1955) . Therefore, the complete oxidation of a fatty acid molecule generates a significant amount of ATP through the oxidative phosphorylation of NADH and FADH 2 and oxidation of acetyl-CoA produced after it enters the TCA cycle. As for previous pathways with upregulated genes, this result supports a heightened demand for carbon flux through the TCA cycle, with the acetyl CoA to support this metabolic response deriving from multiple sources.
The GABA shunt, induced in Lr34-mediated resistance at 3 dpi (Table 3) , produces succinate using either glutamate or α-ketoglutarate as substrates (Fig. 4) . This pathway is induced in response to many stress conditions (Brown and Shelp 1997) . Although GABA has been recognized as a signal molecule (Shelp et al. 2006) , the GABA shunt also may support the energy demand of Lr34-mediated resistance. First, energetically demanding conditions can produce pyruvate in excess of the rate at which PDH can convert it to acetyl CoA. The GABA shunt provides a second entry point for pyruvate into the TCA cycle through its involvement in the conversion of GABA to succinic semialdehyde which then is converted to the TCA intermediate succinate. This provides a mechanism both to manage excess pyruvate and to employ it for energy production. Second, the TCA enzymes aconitase, succinyl-CoA ligase, and α-ketoglutarate dehydrogenase are inactivated under oxidative stress conditions (Sweetlove et al. 2002; Tretter and Adam-Vizi, 2000) . If these enzymes are inhibited, the GABA shunt can maintain carbon flux through the TCA cycle by circumventing this series of enzymes and providing succinate to a later step in the TCA, with NADH generation unaltered (Tretter and Adam-Vizi 2000) .
This study provides evidence that Lr34-mediated resistance involves the coordinated recruitment of a well-defined set of metabolic pathways to support heightened energy production needed to sustain cells during earlier stages of the Lr34 resistance response. However, such responses are not maintained at later stages of the resistance response. Indeed, none of the upregulated genes in glycolysis, the PDH bypass, β-oxidation, acetyl-CoA synthesis, TCA cycle, or the GABA shunt identified at 3 dpi were upregulated in TcLr34 at 7 dpi. This change in gene expression between 3 and 7 dpi suggests that the high energy demand associated with Lr34 cannot be maintained over a prolonged period of time. Alternatively, because it has been speculated that obligate biotrophic pathogens may actively suppress host defense reactions (Bushnell and Rowell 1981; Panstruga 2003) , it is also possible that the pathogen is responsible for suppression of these metabolism-related genes in TcLr34 by 7 dpi. The decay of the broad array of energy production-related metabolic responses by the 7 dpi timepoint may explain why Lr34 ultimately fails to inhibit the pathogen fully. Further, the results of this study demonstrate that racenonspecific leaf rust resistance conferred by Lr34 is associated with transcriptional changes distinct from a typical race-specific response. The early recruitment of additional metabolic pathways to bolster energy production, and the subsequent loss of these pathways as sources of energy to supplement respiration over time, provides an explanation for phenotypic features of race-nonspecific resistance associated with Lr34, including the latent period.
MATERIALS AND METHODS
Plant and fungal material.
Wheat (T. aestivum) cvs. Thatcher (Tc), near-isogenic Thatcher Lr1 (TcLr1, RL6003) with the Lr1 resistance gene, and near-isogenic Thatcher Lr34 (TcLr34, RL6058) with the Lr34 resistance gene were used in this study. Leaf rust (P. triticina) race 1 urediniospores (virulence phenotype BBB) (Long and Kolmer 1989) were increased on seedlings of Little Club wheat and stored at 4°C until use (within a week of harvest).
Plant growth.
Seed of each genotype were stratified on wet filter paper for 4 days, and then planted three to a pot in 6-in. round plastic pots (Belden Plastics, Roseville, MN, U.S.A.) filled with a potting mixture of field soil, compost, and sand. Nutricote 100-day slow-release 13-13-13 pellets (20 g) with micronutrients (SunGro, Vancouver, British Columbia, Canada) were placed into each pot. Pots were placed in a growth chamber (Conviron PGW36; Conviron, Winnipeg, Canada) initially set at 18°C, day and 16°C, night, with a 16-h day, 8-h night light regime, with a photon flux of 572 μE. The pots were laid out in a split plot with three replications. Genotypes were the main effect and the subplots were treatments (mock inoculated or pathogen inoculated). For each rep, six pots (three plants per pot) were planted per genotype. Pots were watered on an as-needed basis. After 1 month, the temperature was dropped to 15 and 13°C, day and night temperatures, respectively, to help ensure synchronized flowering, and subsequently the temperature was gradually increased to 20 and 17°C (day and night, respectively) (16 and 14°C 9 days after setting to 15 and 13°C, 17 and 15°C 2 days later, 18 and 16°C 2 days later, and 20 and 17°C 9 days later). Pots were also watered thoroughly with a fertilizer solution (Peters 20-20-20 soluble fertilizer at 1.86 g liter -1 ) 3 and 8 weeks after planting, and with a more dilute solution (0.62 g liter -1 ) of the same soluble fertilizer 6 weeks after planting. Two months after sowing, plants were ready for inoculation.
Plant disease inoculations.
Tillers at anthesis (±1 day) on each plant were tagged prior to inoculation. Flag leaves of each tiller were individually inoculated on the adaxial face either with Soltrol 170 oil alone or with a suspension of P. triticina spores in Soltrol 170 oil (18 mg of spores per milliliter of oil). Inoculations employed two passes across the leaf surface with an atomizer nozzle. Spore densities applied to leaves were determined by inoculating six microscope slides during the course of the inoculations and then counting the number of spores in a defined area (2.67 mm 1 ) on each slide under a microscope. Using this method, the average spore density on inoculated leaf surfaces was determined to be 592 spores cm -1 . Spore germination was assessed by spraying water agar plates lightly with inoculum and then determining the percentage of spores that had germinated after 4 h. By this method, 75% of spores had germinated (germination tube evident), while a significant portion of the other spores were oblong in shape, indicating that they were in the early process of germinating.
After allowing oil to dry off of leaf surfaces for 1.5 h, pots were placed in mist chambers (one rep per chamber) and subjected to 30 min initial misting. A mist cycle of 30 min mist/4 min no mist was then employed for 3 h, followed by a mist cycle of 10 min on/10 min off for 5 h, and finally a mist regime of 6 min on/10 min off for 10 h 45 min. The temperature in the mist chamber during the mist period was 21 ± 1°C. Plant were then removed from the mist chambers, allowed to dry, and placed back into the growth chamber.
Tissue harvest, RNA extraction, and microarray analysis.
At both 3 and 7 dpi, seven to nine mock-or pathogen-inoculated flag leaves from each replicate-treatment combination were harvested, placed in liquid N 2 , and then moved to a -80°C freezer until RNA extractions were performed for use in microarray analyses. A final set of leaves was similarly harvested at 14 days after they served to monitor pathogen proliferation during the experiment. In this case, six to nine leaves were harvested across replicates and bulked for RNA isolation and for use in monitoring of pathogen biomass.
RNA extraction, cRNA probe preparation, and microarray hybridization to Affymetrix GeneChip Wheat Genome Arrays and data acquisition was performed as reported by Cho and associates (2006) . A description of the GeneChip wheat genome array is available at the manufacturer's website.
Data analysis.
We normalized P. triticina-and mock-inoculated data together for each genotype at each timepoint. Comparisons between mock-inoculated controls and pathogen-inoculated plants on a per-genotype basis allowed the identification of genes specifically induced by P. triticina without Ltn-related gene expression interference. In addition, comparisons within a single genetic background negate any between-genotype background variation that may inadvertently identify genes not associated with plant defense.
Data analysis was conducted using the Expressionist software (version Pro 3.1; Genedata AG, CH-4016 Basel, Switzerland). A description of the major analysis tools of Expressionist has previously been described (Boddu et al. 2006; Cho et al. 2006; Viemann et al. 2004 ). The raw probe-level hybridization data (CEL files) for each of the P. triticina-inoculated or mockinoculated replications for each genotype per timepoint were loaded into the Expressionist Refiner module. High data quality was assured by defect detection, corner noise detection, outlier area detection, and 3′/5′ ratio of housekeeping gene assessments. The probe set values were then condensed using the MAS 5.0 algorithm (Affymetrix) within the Expressionist Refiner Array module without any additional correction or masking manipulation. Within the Expressionist Analyst module, the MAS 5.0 signal data were natural-log transformed and normalized to a median target intensity of 500 for each chip without any subsequent normalization to preserve GeneChip independence among replications as described by Caldo and associates (2004) .
Using the Analyst internal quality setting of P = 0.04, probe sets were required to pass a Student's t test (P value ≤ 0.001) and have a mean fold change of ≥2.0 to be called differentially expressed. To complement statistical tests, the Analyst module contains a Present/Absent search activity to identify probe sets predominantly present in one treatment but absent in another. Probe sets with absent values cannot be identified in a t test but may still be biologically relevant; therefore, we used this search activity to identify probe sets that were present in all three replications from one treatment (e.g., P. triticina-inoculated) but absent in all three replications of the other treatment (e.g., mock-inoculated) in an approach essentially as described by Viemann and associates (2004) . Briefly, to quantify the expression values of probe sets deemed absent, normalized raw probe set expression values were extracted by adjusting the Analyst internal quality setting to P = 1.0, which provided a value for each transcript regardless of the level of signal. Expression values were subsequently subjected to a student's t test (P value ≤ 0.001) and mean fold change of ≥2.0 to be considered differentially expressed. In all cases, the P values for each test were converted to q values using the method described by Storey and Tibshirani (2003) to estimate the FDR. Microarray data were deposited at the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus database under the accession number GSE9915.
We assumed that each probe set was equivalent to a gene transcript. In several cases, differentially expressed probe sets quantified expression of the same gene. These redundant probe sets were manually removed from gene lists. Genes were then assigned to broad functional classes (metabolism/structure/ maintenance, defense/stress, signal transduction, transcription, transport, or unclassified) or listed as "no annotation available" based on annotation provided by HarvEST Wheat1 chip version 1.51 (Close et al. 2007) . Genes were annotated based on the top hit with an e value <10 -10 . In cases where top hits were to hypothetical proteins or where no annotation was available, these genes were subjected to BLASTN or BLASTX searches based on the consensus sequence of the probe sets against the nonredundant (nr) protein sequence database at the NCBI, The Institute for Genomic Research (TIGR) Rice database, or the TIGR A. thaliana database to gain any additional information on gene function. GO terms for biological and molecular function (Ashburner et al. 2000) were obtained by querying the UniProt Protein Knowledgebase with protein IDs from HarvEST. qPCR analysis.
qPCR was carried out using the Applied Biosystems 7000 Real-Time PCR system. Specific primers for each gene selected were designed using Primer Express software (version 3.0; Applied Biosystems, Foster City, CA, U.S.A.) or Vector NTI Advance 10 software (version 10.1.1; Invitrogen, Carlsbad, CA, U.S.A.). The wheat 18S rRNA gene was used as an internal reference for relative quantification analyses using qPCR primers previously reported (Scofield et al. 2005) . The P. triticina internal transcribed spacer region of the 18S rRNA gene was used to measure fungal biomass using primers provided by L. Szabo (United States Department of AgricultureAgricultural Research Service, Cereal Disease Laboratory, St. Paul, MN).
For transcript quantification studies, a cDNA template prepared from pooled total RNA from the biological replicates used for microarray analysis was used. qPCR reactions were conducted in a 25-μl volume in triplicate using the iTaq SYBR Green Supermix system (Bio-Rad, Hercules, CA, U.S.A.). qPCR conditions were as follows: 95°C for 2 min, followed by 40 cycles of 95°C for 15 s and 60°C for 45 s. The quantification of gene expression and fungal biomass determination was performed using the comparative C T method (ΔΔC T ).
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